To evaluate the variability of tumor unidimensional, bidimensional, and volumetric measurements on same-day repeat computed tomographic (CT) scans in patients with non-small cell lung cancer.
This HIPAA-compliant study was approved by the institutional review board, with informed patient consent. Thirty-two patients with non-small cell lung cancer, each of whom underwent two CT scans of the chest within 15 minutes by using the same imaging protocol, were included in this study. Three radiologists independently measured the two greatest diameters of each lesion on both scans and, during another session, measured the same tumors on the first scan. In a separate analysis, computer software was applied to assist in the calculation of the two greatest diameters and the volume of each lesion on both scans. Concordance correlation coefficients (CCCs) and BlandAltman plots were used to assess the agreements between the measurements of the two repeat scans (reproducibility) and between the two repeat readings of the same scan (repeatability).
Results:
The reproducibility and repeatability of the three radiologists' measurements were high (all CCCs, Ն0.96). The reproducibility of the computer-aided measurements was even higher (all CCCs, 1.00). The 95% limits of agreements for the computer-aided unidimensional, bidimensional, and volumetric measurements on two repeat scans were (Ϫ7.3%, 6.2%), (Ϫ17.6%, 19.8%), and (Ϫ12.1%, 13.4%), respectively.
Conclusion:
Chest CT scans are well reproducible. Changes in unidimensional lesion size of 8% or greater exceed the measurement variability of the computer method and can be considered significant when estimating the outcome of therapy in a patient.
T
he two most widely accepted guidelines assessing objective response to therapy in patients with solid tumors are the World Health Organization criteria (1, 2) and the Response Evaluation Criteria in Solid Tumors (3) . The former determines response on the basis of an approximation of cross-sectional area (bidimensional measurement), whereas the latter uses only the tumor's greatest diameter (unidimensional measurement) measured on a transverse image, principally a computed tomographic (CT) scan. Both guidelines suggest reporting treatment results by using four categories: complete response, partial response, stable disease, and progression of disease.
Nearly 90% of patients with lung cancer have non-small cell lung cancer. Accurate and early assessment of response to a given therapy is critical for patient management and for further development of new therapies. Ideally, response to therapy should be determined with high accuracy and as quickly as possible to permit a prompt change in treatment, if necessary, and reduce the potential toxicity of an ineffective therapy.
A clinical study of non-small cell lung cancer that used multidetector CT and a three-dimensional computer segmentation software (4) showed that changes in tumor volume obtained from thin-section images could be determined as early as 3 weeks after chemotherapy was initiated, whereas changes detected by using the unidimensional and bidimensional techniques were less apparent during this same period. With the potential to measure size and/or change in size more accurately and assess response earlier and with different image postprocessing techniques, questions of CT scan reproducibility as well as measurement repeatability on CT scans need to be answered.
Variations in tumor measurements on serial CT scans can be introduced at the time of data acquisition (eg, nonuniform imaging technique/protocol, repeat CT scans) (5) (6) (7) (8) and during the measurement procedure (eg, different measurement tools and human interpretation) (9) (10) (11) (12) . Despite the widespread use of CT scanning as a method of response assessment, little is known about the measurement reproducibility of in vivo tumors on serial CT scans. Previous studies on the variability of the repeat scans are limited because they looked at masses that were less than 2 cm or were of unknown type (primary tumor, pulmonary metastasis, benign pulmonary mass) (7, 8) . We designed and carried out a same-day repeat CT study to estimate the measurement variations in lung tumors seen in patients with non-small cell lung cancer. The purpose of our study was to evaluate the variability of tumor unidimensional, bidimensional, and volumetric measurements on same-day repeat CT scans in patients with non-small cell lung cancer.
Materials and Methods

Patient Recruitment
This study was institutional review board approved and Health Insurance Portability and Accountability Act compliant. Patients were recruited through the oncologist's clinical practice. When patients would come in for their clinical visits, the oncologists would determine whether unenhanced chest CT was indicated in the near future and whether the patients were eligible for this trial. If both answers were "yes," the patients were offered participation in this study. If agreed, informed consent was obtained from each patient. Patient inclusion was determined by the following criteria: all patients must (a) be age 18 years or older, (b) have pathologically confirmed non-small cell lung cancer, (c) have measurable primary pulmonary tumors of 1 cm or larger, and (d) have scheduled a clinically indicated unenhanced CT scan of the chest. Exclusion criteria were (a) pregnant or lactating women and (b) those patients who were unable to consent to a repeat CT scan or for whom a repeat CT scan would be medically unsafe.
From 
Advances in Knowledge
Ⅲ CT acquisition is generally accurate; the agreement between two scans obtained 15 minutes apart (reproducibility) is comparable with the agreement when the same scan is read twice (repeatability). Ⅲ By using thin-section multidetector CT and computer-aided segmentation software, reproducibility of unidimensional, bidimensional, and volumetric measurements in nonsmall cell lung cancer is high, with the volumetric being the most reproducible and the bidimensional the least reproducible measurement. 
Implication for Patient Care
Manual Measurement of Tumor Size
The greatest diameter (ie, unidimensional measurement) and greatest perpendicular diameter of each tumor measured on a transverse image plane were manually measured by using an image viewing system developed with computer software (Interface Description Language; IDL Solutions, Germantown, Wis) in our laboratory. Bidimensional measurements are obtained by using the greatest perpendicular diameters of the tumor. Three radiologists (R.L., P.G., and M.G., with 10, 25, and 12 years experience with chest CT, respectively) independently measured 32 target lesions (one per patient). Among them, 29 were primary lung cancers and three were metastatic lesions (used because the primary tumors were nonmeasureable, as defined by the Response Evaluation Criteria in Solid Tumors criteria). The lung window settings (width, Ϫ50 HU; level, 1500 HU) were used for the manual measurements. In the same session, each radiologist first measured the 32 lesions on the images from the initial scans, then measured the 32 lesions on the images from the repeat scans, which were sequentially displayed in a different order than were scans from the first set. The radiologists were also blinded to the first measurement and the fact that these were repeat CT scans. In a separate session (2 days later), two of the three radiologists remeasured the same lesions on images from the initial scans. One radiologist performed all the measurements in one session.
Computer-aided Measurement of Tumor Size
In this study, our own semiautomated three-dimensional technique was used to separate the target lesions from surrounding anatomic structures (4, 13, 14) . This algorithm was originally developed for small pulmonary nodules seen on high-attenuation CT images for noninvasive diagnosis (13, 14) and later modified to assist in the segmentation of lung lesion masses for volumetric response assessment (4) . Briefly, a region of interest that tightly encloses the tumor needs to be manually selected on one image by using the mouse. Starting with a higher density threshold level calculated on the basis of density values of the pixels inside the region of interest, the threshold level decreases in a stepwise manner. At each threshold level, the largest three-dimensional object (ie, geometrically connected voxels) can be determined and its surface gradient calculated. The threshold level that provides the maximum surface gradient is Note.-Data are the mean Ϯ standard deviation; numbers in parentheses are the ranges. considered as the optimal threshold level to separate the tumor from its surrounding structures. In this study, we adopted the strategies proposed by Zhao et al (4) to separate blood vessels and the chest wall from the tumor when needed.
To minimize possible variations in the segmentation results caused by the manual initiation of the computer algorithm, regions of interest of each tumor on the two repeat scans were selected side by side by an operator (B.Z.). Correctness and consistency of the computer results were visually inspected by participating radiologists (L.H.S. and P.G., with Ͼ15 and Ͼ20 years experience with chest CT, respectively). If any segmentation results were considered suboptimal, tumor contours that were superimposed on the original images were edited by a radiologist (P.G.) with our image viewing system. Once the segmentation and manual correction (if needed) were completed, the unidimensional, bidimensional, and volumetric measurements were calculated by using the computer algorithm. Tumor volume is defined as the sum of all tumor voxels, including voxels on and inside the tumor boundary, multiplied by the image resolutions in the x-, y-(inplane), and z-directions.
Statistical Analysis
To estimate the reproducibility and the repeatability of the tumor size measurements by using repeat CT data, the concordance correlation coefficient (CCC) was initially used to quantify repeatability and reproducibility (15) 2 ) evaluates the degree to which pairs are located on the 45°line through the origin in a plot of the first and second measurements. CCCs can be broken down to a measure of precision (how far each pair of measurements deviates from the best-fit line through the data) and a measure of accuracy (the distance between the best-fit line and the 45°line through the origin). CCC values range from 1, perfect agreement between the repeated measurements, to Ϫ1, perfectly reversed agreement between measurements.
To further assess the reproducibility and the repeatability of the measurements, Bland-Altman plots were generated (16) . For each of the three types of measurements, the percentage of relative difference between the repeated tumor measurements (defined as 100 ⅐ [Y i2 ϪY i1 ]/Y i1 ) was plotted by using the average of the two lesion measurements. The limits of agreement were calculated by taking the mean of the percentage of relative differences between the two measurements and two standard deviations of these differences. Observations within the limits of agreement may be thought of as resulting from measurement error rather than a true change in tumor size. In contrast, observations outside of this range may reasonably be attributed to an actual change in tumor size. Note that the use of the percentage of relative difference in constructing these plots differs from the usual formula, which simply uses the difference of Y i2 ϪY i1 . We chose to present the Bland-Altman plots and limits of agreement in this manner because the percentage of relative difference is the primary quantity of interest and more easily interpreted in this context than the difference. To explore values for tumor measurements one might reasonably expect to see on repeated measurements of the same tumor, the conditional standard deviations for the second scan were determined on the basis of the first scan and assuming that the natural logarithms of the two scans were jointly and normally distributed by using a covariance matrix ([ 1 2 , 12 ] T , [ 12 , 2 2 ] T ). For this analysis, the measurements were transformed to the logarithmic scale to have the distribution of data reasonably approximate the bivariate normal distribution. The standard deviation of the second measurement, which was conditional on the results of the first measurement, was then calculated by using the following equation:
A range of two conditional standard deviations was computed and then transformed back to the original data scale. We expect that approximately 95% of the measurements of the same tumor will be within two conditional standard deviations. Values outside of this range would likely represent a change in the size of the tumor rather than variation in measurement.
We also performed a variance-components analysis by using the mixed-effects model ln(y ijk ) ϭ ϩ ␣ j ϩ ␤ k ϩ ε ijk , where ln(y ijk ) is the natural log of the lesion measurement (i[n ϭ 32]), j is the number of radiologists (n ϭ 3), k is the number measurements obtained (n ϭ 2), is the mean lesion measurement (on the natural log scale), ␣ j is a random effect representing the radiologist, ␤ k is the random effect representing time, and ε ijk is the random error term.
Finally, to explore interrater variability among the three radiologists, the inter-CCC, as proposed by Barnhart et al (17) , was calculated across the three radiologists and between each pair of radiologists. The inter-CCC is defined in a manner similar to that of the original CCC described above but also incorporates the correlation between the radiologists. Further, it can also be interpreted by using the same guidelines provided above (range, 1 ϭ perfect agreement, to Ϫ1 ϭ perfectly reversed agreement). Table 1 presents descriptive statistics on the 32 lesions. There did appear to be some variation across the different readings by each radiologist, though the differences were small (Fig 1) . To further explore the agreement between the repeated scans and the repeated readings, Table 2 shows the CCCs (range, 0.96 -0.99); the highest possible value is 1.00. There was equally good agreement for the unidimensional and bidimensional measurements. There was slightly greater agreement on the repeat reading of the first scan as compared with the agreement between the two separate scans. Figure 2 shows the Bland-Altman plots with the mean percentage of relative difference and the limits of agreement listed in Table 2 . With the possible exception of the scan 1 repeat reading performed by reader 3, the mean differences were all nearly zero. It is important to remember that differences within the limits of agreement can be attributed to measurement error, whereas values outside of the limits of agreement would suggest a true difference. For instance, in the scan 1 repeat reading performed by reader 1, we see that differences from Ϫ11.8% to 8.6% could potentially be attributed to a variation in the radiologist's measurement rather than a true change in tumor size. Hence, a smaller limit of agreement corresponds to a higher degree of agreement.
Results
Radiologists' Measurements
By using a hypothetical tumor measuring 2 cm in diameter on the first scan, Table 3 explores values of the three radiologists' reproducible (scan 1 vs scan 2) and repeated (scan 1 repeat reading) measurements on the same tumor that could reasonably be expected, given the first measurement. Approximately 95% of the repeat measurements are expected to be within the range of two conditional standard deviations. By using the results of reader 1 as an example, for a tumor that had a diameter of 2 cm on the first scan, a second scan of the same tumor will yield a measurement of 1.66 -2.40 cm 95% of the time, and a repeat reading of the same tumor will yield a measurement of 1.81-2.21 cm 95% of the time. Because of the smaller limits of agreement, repeatability in both measurements showed a higher degree of agreement. The final column of Table 3 converts these ranges to the percentage of relative difference from the first scan. For instance, 95% of unidimensional tumor measurements obtained from a second scan of the same tumor that measured 2 cm on the first scan will be within Ϫ16.8% and 20.1% for reader 1.
Note that the percentages of relative differences in this table have a different interpretation than do the 95% limits of agreement in Table 2 . The limits of agreement simply reflect where we expect 95% of all differences between repeated measurements to be, regardless of the actual tumor size, and do not assume that one tumor measurement is already known. In contrast, the numbers in Table 3 are generated on the basis of the first measurement, in essence assuming that the first measurement is known, and then tell us what might be expected for a second measurement of the same tumor, given that we already know the value of the first measurement. Table 4 shows the results of a variance-components analysis, which shows the variance in lesion measurements that is attributable to the radiologists, to the repeated readings, and to random error. Further, although not a goal of this study, we also present the agreement among the radiologists in Table 5 , where we see very high agreement for all measurements.
Semiautomated Measurements
A semiautomated method was applied to segmentation of the same 32 target lesions. Nineteen (59%) lesions on both scans were considered satisfactorily segmented by the radiologists; the remaining 13 (41%) lesions required manual correction. Figure 3 shows an example of a peripheral non-small cell lung cancer tumor that was successfully segmented by the computer on both scans.
The computer-generated measurements of the 32 lesions for both scans are shown in Table 6 . Given these descriptive statistics, scans 1 and 2 appeared to yield relatively similar measurements. To better compare the measurements from the two scans, the data are displayed in Bland-Altman plots (Fig 4) , with the mean relative differences and limits of agreement listed in Table 7 . The mean difference across all pairs of repeated scans was nearly zero and the range of the limits of agreement was small, which suggested that the measurements were reproducible. Table 7 also shows the CCCs for the computer-generated measurements, together with their 95% confidence intervals. All CCCs were 1.0, showing all measurements to be highly reproducible. Similarly, for the computer-generated measurements, by using a hypothetical tumor measuring 2 cm in diameter on the first scan, Table 8 shows values for a second repeated measurement on the same tumor that could reasonably be expected, given the first measurement.
Discussion
This study was designed to collect a clinical data set consisting of same-day repeat CT scans in patients with measurable non-small cell lung cancer and to evaluate the potential measurement variations in CT analysis owing to reproducibility of CT scans, as well as the repeatability of radiologists' manual measurements. Assuming that there was no biologic size change in the tumor on the two CT scans ac-
Figure 2
Figure 2: Bland-Altman plots of radiologists' measurements. Difference is plotted by using average of both tumor measurements for each patient. Dashed line (center) represents mean of differences. Top dotted line shows upper limit of agreement (mean difference plus 2 times standard deviation); bottom line shows lower limit of agreement (mean difference minus 2 times standard deviation). Plots show possible relationship between nodule size and relative difference in measurements (ie, the smaller the nodule, the larger the relative difference in measurements).
quired within minutes of each other, size difference of the same tumor measured on the two repeat scans would allow us to explore the range of measurement variation in which a measured difference between two serial scans should be considered as a measurement error rather than a true change in size.
In the first part of this study, three radiologists independently measured 32 target pulmonary lesions on two repeat CT scans to explore reproducibility and then remeasured the lesions on the first scan for investigating the measurement repeatability. Among the radiologists' readings on two repeat scans, the best 95% limits of agreements were (Ϫ18.3%, 15.5%) and (Ϫ25.6%, 22.3%), and the worst agreements were (Ϫ22.8%, 23.0%) and (Ϫ38.9%, 39.1%), for the unidimensional and bidimensional measurements, respectively. These findings indicate that although radiologists' measurements introduced considerable variability for non-small cell lung cancer lesions, they were reproducible within the partial response category (Ϫ30% in unidimensional and Ϫ50% in bidimensional criteria) (2, 3) . However, the cutoff values for the progression of disease category seem to be defined as lower in both criteria (20% in unidimensional and 25% in bidimensional measurements), which coincides with the current concern about placing patients in the progression of disease category too easily (2,3). These findings need to be further validated with a larger number of radiologists.
Because variation caused by repeat readings is embedded in the measurement of repeat scans, in addition to exploring radiologists' measurement reproducibility, we also studied the repeatability of their measurements. The delay between the two repeat reading sessions was 2 days for the first and second radiologists. For the third radiologist, all measurements were performed in the same order but in one session. However, the third radiologist's results did not show better agreement on either reproducible or repeat measurements (Table 2 ). These findings indicate that the effect of radiologists' memory on the measurement of lesions may be limited. By remeasuring the same lesions on the first scan, radiologists' measurements revealed the range of the intrinsic variation (ie, measurement repeatability). Independently measuring tumors on each of the repeat scans and on the same scan twice revealed that agreement was only slightly greater for the latter method than for the former. In the second part of this study, we used the same data set to optimally compare the reproducibility of the two repeat scans with a computer algorithm that calculated the unidimensional, bidimensional, and volumetric measurements. Our findings suggest that except for the first radiologist, the computer-generated unidimensional measurement had much narrower limits of agreement on the repeat scans, indicating a higher reproducibility of the computer over the radiologists for the unidimensional measurement. Interestingly, the computer demonstrated a very high reproducibility in the volumetric measurement: volume difference measured on the serial scans outside the range of Ϫ12.1% to 13.4% could be considered a true change in tumor volume. This range is much narrower than the cutoff values of (Ϫ65%, 40%) (or [Ϫ65%, 73%], converted from the diameter of a sphere) as suggested by Therasse et al (3) for detecting tumor response and progression by using volume in the Response Evaluation Criteria in Solid Tumors criteria.
Formally comparing unidimensional versus bidimensional or volumetric measurements was not a goal of our analysis, primarily because with 32 subjects, we were limited in our ability to conduct such an analysis. Further, it should be noted that when interpreting the results presented here, the relative percentage change in a measurement in a given dimension is not directly comparable with the relative percentage change in a measurement of a different dimension. For example, consider a hypothetical tumor with a radius (r) of 18 mm. By using calculations provided by James et al (18) , the unidimensional measurement of this tumor is the diameter (2r ϭ 36 mm). Assuming the tumor is spherical, the bidimensional measurement is 4r 2 ϭ 1296 mm 2 . Now consider a second measurement of this tumor that results in a unidimensional measurement of 35.5 mm for a relative percentage change of Ϫ1.4%. The bidimensional measurement, given the unidimensional measurement of 35.5 mm, is 35.5 2 ϭ 1260 mm 2 for a relative percentage change of Ϫ2.7%, which is clearly different from the value of Ϫ1.4% observed with the unidimensional measurement. Therefore, one needs to be careful when comparing results across the different measurements. We could have presented all results converted to the same scale but chose not to, partially because it is not a goal of this study to compare across the different measurements and partially because these calculations assume that the tumors are spheric, which frequently may not be the case (4, 19) .
The relatively low success rate of the segmentation was, in part, a result of the advanced stage of non-small cell lung cancer. In this study, the tumor sizes ranged from 1.1 to 9.3 cm, with a mean of 3.8 cm. Such large masses likely attach to the surrounding structures of the soft-tissue density and can be extremely challenging to automated, accurate segmentation. As to geographic distribution of the tumors, 18 of 32 tumors were attached to surrounding structures, including the mediastinum (n ϭ 3), hilum (n ϭ 5), pleural effusion (n ϭ 1), chest wall only (n ϭ 4), and chest wall and mediastinum (hilum or diaphragm, n ϭ 5). Some of the patients had obstructive pneumonia (ie, lung infection resulting from airway obstruction caused by tumor invasion), which radiographically complicated the tumor background.
The computer results should be viewed as the best possible estimates of the measurement variations or intrinsic difference between the repeat CT scans of non-small cell lung cancer. This is because we simulated an optimal scenario of computer-aided tumor measurements on serial CT scans. Assessment of a tumor at two points during the course of therapy will likely vary more than repeat scans on the same day since additional changes can occur during the time between follow-up studies, which would affect the measurements. It should also be noted that measurement variation could increase if different operators use the segmentation algorithm or if the same operator blindly initiates the same algorithm multiple times (7, 8) . Interoperator and intraoperator (interalgorithm) variations such as these are dependent on image context. For instance, there can be absolutely no difference in the measurements, no matter who is using the algorithm, if a tumor is surrounded by aerated lung parenchyma. On the other hand, measurement variation cannot be ignored if a tumor is attached to adjacent structures with similar attenuation as that of the tumor. Moreover, manual corrections on imper-
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Figure 4: Bland-Altman plots of computer-generated measurements. Difference is plotted by using average of both tumor measurements for each patient. Dashed line represents mean of differences. Top dotted line shows upper limit of agreement (meandifferenceplus2timesstandarddeviation);bottomlineshowslowerlimitofagreement(mean differenceminus2timesstandarddeviation).Plotsshowpossiblerelationshipbetweennodulesizeandrelativedifference inmeasurements(ie,thesmallerthenodule,thelargertherelativedifferenceinmeasurements). Note.-cSD ϭ conditional standard deviation.
* Plus or minus percentage difference.
fect segmentations performed by different radiologists or by the same radiologist in different sessions will also bring variation to the measurements. Our side-byside initiation of the algorithm and sideby-side manual correction on repeat scans helped keep the variations in the computer-aided measurements to a minimum, and optimized our ability to measure the change in actual tumor size independent of measurement effect. The appropriate use of an imaging biomarker requires that it be both reproducible and repeatable. Despite its use as an imaging biomarker for decades, little research has been conducted regarding the reproducibility and repeatability of the CT scan and the radiologist's measurements. The lack of analysis results, in part, from the assumption that classifying a unidimensional (or bidimensional) measurement in four arbitrary categories (complete response, partial response, stable disease, or progression of disease) is generally within the acceptable range of reproducibility and repeatability. However, the cutoff values defined for partial response and progression of disease in the criteria were determined crudely and validated on the basis of then-standard diagnostic techniques (ie, physical palpation and standard radiographic analysis) in the late 1970s. Similar studies were never repeated for contemporary highattenuation CT scanners that can acquire data volumetrically and for radiologists' techniques used to obtain measurements with electronic rulers on diagnostic monitors (the current technique standards in diagnostic radiology). Interestingly, in the development of alternate imaging biomarker techniques such as fluorine 18 fluorodeoxyglucose positron emission tomography and dynamic contrast enhancement-magnetic resonance imaging, reproducibility studies are being performed (20) (21) (22) (23) . For these reasons, we evaluated the reproducibility and repeatability of the CT scan in determining the size of pulmonary lesions in patients with non-small cell lung cancer.
The present study was performed on the basis of only 32 nodules and was designed to descriptively evaluate reproducibility and repeatability of CT measurements of solid tumors. While it is possible that with a smaller nodule, a larger relative difference in the measurements may be obtained (Figs 2, 4) , it is difficult to know this from our data because of the limited number of large nodules. Furthermore, the small number of radiologists and lack of investigation of inter-and intracomputer measurement variations also limit the power of this study. Prior to being incorporated in clinical practice, our findings should be confirmed in larger, independent studies. Nevertheless, our findings will help reveal variations in the unidimensional, bidimensional, and volumetric measurements on modern CT scans and thus be valuable in helping detect biologically relevant changes in tumor size in the assessment of therapy response in non-small cell lung cancer. This provides clinicians greater precision and confidence to determine whether lung lesions actually grow or regress with therapies.
